Introduction
Among all the technology options in the electronics industry, Surface Mounted Technology (SMT) is the fastest growing one. By providing more space, SMT increases the interconnection density. As a result, the reliability of surface mount components has become a critical issue. Pb-Sn solder joints in microelectronics packages are extensively used for connecting surface mount components to a variety of substrates.
During its design life, the solder joint experiences a wide range of temperature variations, which are caused by heat dissipation from the circuits and power on and offs. Because of the CTE mismatch, different elongations and contractions take place in the components. Since these bonded assemblies cannot deform freely, they experience relative motions during which stresses are induced in the solder joint.
As a result of the temperature cycles, the solder joint experiences plastic and creep deformations. These deformations cause the accumulation of damage in the solder material. Consequently, the solder joint starts to lose its effective intact area, which leads to change in electrical resistance of the device and finally failure.
Even though it is widely believed that the dominant failure mode for solder joint is thermal fatigue, when semiconductor devices are used in vibrating environment dynamic stresses contribute to the failure mechanism and sometimes, as it is demonstrated in this paper, can become the dominant failure cause. The frequency of thermal cycles effects the shear strain rate and the number of cycles to failure of the solder joint. The frequency range for harmonic vibrations for most vehicle and equipment is 1 to 5000 Hz (Suhir and Lee, 1988) . Therefore, damage in the solder joint due to vibration accumulates very fast. Hence high cycle fatigue behavior of solders under vibraContributed by the Electrical and Electronic Packaging Division for publication in the JOURNAL OF ELECTRONIC PACKAGING. Manuscript received by the EEPD December 8, 1998; revision received August 5, 1998. Associate Technical Editor: J. Lau. tion loading must be considered in solder joint reliability studies.
Presently, in the microelectronics industry, all vibration induced stresses on solder joints are considered to be elastic. It is assumed that there is no contribution from dynamic strains to the low cycle fatigue life (Barker et al., 1990) . In this paper it is shown that vibration effects cannot be classified categorically as elastic only and ignored in low cycle fatigue studies. The accurate prediction of solder joint reliability under coupled thermal and dynamic loading by means of numerical methods is highly desirable for their competitive, reliable, and low-cost design and manufacturing of microelectronics packaging.
Presently, most reliability predictions in the industry are empirical and based on destructive testing such as highly accelerated stress test (HAST). Computer simulation of the thermomechanical behavior of the solder joints can be used to understand the behavior at temperature and acceleration levels that are too difficult or too expensive to obtain in the laboratory. Numerical analysis procedure can also be used to perform parametric study on a new package without having to build a prototype for every possible configuration. This later capability would significantly reduce the cost of design for new types of packages.
In this paper, a unified damage mechanics based constitutive model is developed, and then implemented in a nonlinear finite element analysis procedure. The purpose of the material model and the implementation is to study the contribution of thermal and vibration induced strains to the fatigue life of solder interconnects. The combined loading situation is simulated by superposing the damage due to the vibrational loads and thermal loads. The damage due to each load type acting individually is determined and then superposed to assess the overall fatigue life of the joint. This superposition rule was proposed by Barker et al. (1990) . As a first order approximation, a linear superposition rule is utilized (Miner's 1945) rule. Authors realize the limitations of Miner's rule for a highly nonlinear problem. But as a first step approximation to a very complex problem, it is widely used in the literature (Barker et al., 1990; Steinberg, 1988) .
Literature Review
A number of researchers have proposed constitutive models to study fatigue behavior of Pb/Sn solder alloys. Some of them are Clech et al. (1989) , Subrahmanyan et al. (1989) , Barker et al. (1990) , Knecht and Fox (1990) , Zubelewicz et al. (1990) , Darveaux et al. (1991) , Oshida and Chen (1991) , Tien et al. (1991) , Pan (1991) , Skippor et al. (1992) , Dasgupta et al. (i991) , Ishikawa and Sasaki (1992) , Sauber (1992) Ross et al. (1992) , Schmidt (1992) , Guo et al. (1992) , Lau and Erasmus (1993) , Verma et al. (1993) , Pao et al. (1993) , Huang et al. (1994) , Frear et al. (1995) , Solomon and Tolksdorf (1996) , and others. A common shortfall of these models is that most are empirical in nature and do not include the microstrnctural behavior that occurs in Pb40/Sn60 solder during thermomechanical fatigue, Frear et al. (1995) . These constitutive models also do not consider the two phase characteristics of the solder alloy and none of them except Barker et al. (1990) consider vibration concurrently with thermal loading. In fact, we were unable to locate any published study on material nonlinear dynamic analysis of Pb40/Sn60 solder joints in SMT packaging.
Most of these models are based on Coffin (1954 Coffin ( , 1969 and Manson ( 1953 Manson ( , 1960 curves to determine the number of cycles to failure rather than determining the fatigue life at the constitutive level. Furthermore, none of these models account for thermoelastic-viscoplastic, creep, relaxation and damage behavior, and the number of cycles to failure in an unified manner. Moreover, most of the proposed constitutive models have so many material parameters that they are impractical for use in the industry. Furthermore, many models are verified by backpredicting the test data that was used to obtain the material parameters, which renders the model equivalent to a polynomial curve fitting, rather than a robust model based on the theory of plasticity.
Constitutive Model
The constitutive model proposed for Pb40/Sn60 is based on the Disturbed State Concept (Basaran et al., 1998; Desai 1995) . The disturbed state concept (DSC) is a material modeling approach which treats the material as a two phase mixture rather than a homogeneous continuum. The DSC takes into account the effect of the damaged and the intact parts in determination of the overall global response of the material. The DSC allows for the incorporation of the internal microstrnctural changes and the resulting micromechanisms in a deforming material into the constitutive tensor.
When the solder joint is subjected to cycling strain due to thermal effects and vibrations, microstructural changes (dislo= cations) take place in the solder. Initially, the material is mostly in the intact state. As the external disturbances increase, the material transforms from the intact state to the damaged state. Henceforth, at any given time, the discontinuous material is composed of randomly distributed clusters of the material in the intact and damaged states. Consequently, the observed response of the material is defined by a combination of the response of the intact part and the response of the damaged part. The response of the intact part and the response of the damaged part are reference responses of the material. Material intergranular friction, strain rate dependency and other factors effect the rate of transformation from the intact to the damaged state.
The response of the material, stresses and strains, in the intact part will be different than in the damaged part of the material. In general, stresses will be higher in the intact part and strains will be higher in the damaged part. Due to a stress differential between the damaged part and the intact part of the material, a material moment exists, similar to the Cosserat (1909) continuum. Furthermore due to having different strains in the damaged part and the intact parts, there is a relative strain in the material. The relative motion within the material such as shear band sliding over the intact part, accounts for additional energy dissipation from the material. As a result, DSC enables us to account for the total energy of the material due to intact part deformations, as in the traditional continuum mechanics. It also allows accounting for the energy dissipated due to relative motion, such as intergranular slippage, or shear band sliding over the intact part, as well as the energy dissipated due to material moment. Therefore, DSC represents an accurate characterization of energy dissipation systems by allowing for the incorporation of microstructural mechanisms in the material.
DSC is particularly powerful for predicting solder behavior, because Pb/Sn is a two-phase alloy containing Pb-fich and Snrich phases (Ozmat, 1990; Bonda and Noyan, 1996) . Pb-fich phase has been observed to correlate strongly with strain localization, damage and subsequent failure, (Frear et al., 1995) . Therefore, having two phase material definition in DSC makes it more effective for materials that exhibit distinct two-phase behavior compared to other Kachanov (1986) continuum mechanics based models.
A treatise of the DSC formulation is given by Desai (1995) and Basaran et al. (1998) . Based on the incremental theory of plasticity, the incremental stress-strain relationship can be given by the following (Hill, 1950) :
where, Cukt is the thermoelasto-inelastic tangential constitutive tensor, and dekt is the incremental total strain tensor. Equation (la) is applicable for both the intact and damaged parts of the material. The intact part and the damaged part have different stress-strain responses and different constitutive tensors. As a result of temperature cycling and vibration loading, the solder joint will degrade, leading to reduced strength and reduced bonded contact area. The reduction in strength is proportional to the accumulated damage experienced. Assuming that the material is composed of both intact and damaged parts, the incremental average stress for the special case of an isotropic material can be given by the following relation (Basaran et al., 1998) :
where, d~ is the incremental average stress tensor, de~t is the incremental strain tensor for the intact part, and the DSC tangential constitutive tensor is given by,
where Rst is material moment arm tensor and where 'CoAt and cC0k~ are the tangential constitutive tensors for the intact and damaged parts, respectively, and a~. and cr~ are the total stress tensors for the damaged and intact parts, respectively. D is the damage given by Eq. (3) and a is the empirical relative strain coefficient, proportional to damage. In the DSC it is assumed that as the effect of the intact material on overall response decreases, the effect of the damaged part increases. The transformation from the intact state to the damaged state is defined through a exponential function given by,
p p A and Z are material constants and (D = f~etide~ is the trajectory of the deviatoric plastic strain. D value changes between 0 and 1.
Damage function given in Eq. (3) reduces the number of material constants by one from the previous function proposed by Basaran et al. (1998) . The yield surface, F, in the proposed constitutive model is given by,
where J~ is the first invariant of the total stress tensor and ./20 is the second invariant of the deviatonc stress tensor, P. is the atmospheric pressure, R ( 0 ) is the material bonding stress, m (O) is the ultimate stress state material constant, defined by m = (X/J2o/J~).l. and a is the hardening parameter given by a = al/( ~ where, al and r h are material constants and ~ is the trajectory of plastic strain, f f&~def~. Material constant m in the proposed model is similar to Cambridge clay model constant: It allows the yield surface to grow for increasing normal pressure.
Thermoelasto-Viscoplastic Model
The strain increment for a thermoelasto-viscoplastic problem can be separated into the following three parts:
where e U, e U, etj are the thermal, elastic, and viscoplastic strain rate tensors, respectively. In solder joints, inelastic strains arise from both plasticity and creep. Pb40/Sn60 has a relatively low melting point (Tin = 183°C. Hence creep effects on fatigue life determination are significant.
The following viscoplasticity strain rate defined by Perzyna (1966) was used in the study:
where, F(0) is a material fluidity parameter determined from experimental data, and F0 is reference stress state, e.g., uniaxial
yield stress and ~rij is the total stress tensor. The function ~(F/ F0) is a positive monotonically increasing function determined from experimental data.
Finite Element Method Implementation
Most commercially available FEM codes such as ABA-QUS, ANSYS, etc. cannot perform damage mechanics analysis for a dynamic problem. Hence, implementing the models in a FEM code was essential. For the displacement-based FEM, the equilibrium equation in incremental form is given by (Bathe, 1996) fv [B] r{dr°'~} = {Qn+l}-~ fv [B] r{ra~}' (7) where [B] is the strain-displacement transformation matrix, { da" } is the average stress vector increments, V is the volume, n is the load step number, and r is the iteration number. { Q.+i } is the vector of nodal external loads. Implementing the DSC formulation in Eq. (7) yields, (Basaran and Chandaroy, 1999a) 
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It is important to note that there are two different time increments in Eq. (8), At and Atd. The first one is the time increment for viscoplastic strain rate integration and the second one is for the time domain integration of the dynamic equations of motion. A detailed derivation of Eq. (8) is presented in Basaran and Chandaroy (1999a) .
Analysis of a Solder Joint Between LCCC and PWB
Concurrent thermal and dynamic analysis of a Pb40/Sn60 solder joint between a leadless ceramic chip carrier (LCCC) and a printed wiring board (PWB) is conducted using the constitutive model and the FEM procedure presented in the previous section. In this study, the ceramic chip carrier and the PWB were modeled as elastic materials and the solder joint was modeled as a thermoelasto-viscoplastic material.
The package shown in Fig. 1 was subjected to a temperature cycling between -25°C and 125°C. The time history of the temperature cycle used in this study is given in Fig. 2 . Hall and Sherry (1986) tested an 84 I/O, 0.64 mm pitch LCCC which is mounted on a FR4 PWB by a Pb40/Sn60 eutectic solder joint. The testing was conducted in a temperature controlled chamber. In the experiment the solder joint failed at the 346th cycle. Finite element analysis results show that the damage accumulation makes a sharp turn at the 350th cycle, . From this result we can infer that damage accumulation criterion used in the DSC model is an acceptable indicator of microcrack accumulation in the material. This is also supported by similar observation reported in the literature by Ozmat (1990) and Kachanov (1986) that inelastic strain is an appropriate measure of thermal fatigue damage.
Using the FEM procedure developed earlier dynamic analysis of the package was performed. The package was subjected to a simultaneous two-dimensional base excitation in x and ydirections with the schematic time history shown in Fig. 4 . The parametric study included a wide range of acceleration values from 20 g to 4000 g and frequencies from 10 Hz to 10,000 'Hz. "Large acceleration values are quite common in military applications, " Steinberg (1988) .
Therefore, a package could easily be subjected to 150 g acceleration and 10 Hz concurrent loading if it is in a Navy ship hit by a missile. Similarly, if a car traveling at 60 mph speed is involved in a head on collision will experience about 28 g acceleration. Semiconductor devices mounted on this car could easily experience a shock over 150 g due to structural transfer function amplification. If certain electronic devices, such as black box, is expected to survive this crash it should be designed for this acceleration levels.
In the study, stress-strain and damage response of the solder joint was calculated for each cycle of dynamic loading and using Miner's (1945) rule accumulative damage was evaluated. Both low and high cycle fatigue were considered since under dynamic loading the behavior of the solder alloy can be elastic or inelastic depending on the acceleration and the frequency values. For low cycle fatigue (upto 104 cycles (Barker et al., 1990) ), the damage was calculated using Eq. (4). For high cycle fatigue (over 104 cycles (Barker et al., 1990) ), damage was calculated using the following criterion (Barker et al., 1990) :
where nt is the number of cycles experienced, and N~ is the total number of cycles to failure. High cycle fatigue life test data was obtained from data presented by Steinberg (1988) . For both cases, high cycle and low cycle fatigue damage D value varies between 0 and 1. In presentation of the results, dynamic load cycles were normalized with respect to temperature cycle given in Fig. 2 . The reason for this is the fatigue life of solder joints in the electronics industry is usually determined by number of thermal cycles to failure. All acceleration values were normalized with respect to gravity (g = 9.81 m/s2). eration and frequency combinations shown in this figure, the behavior of the solder joint is linear elastic. The damage increases linearly with frequency according to the following equation:
log D = 1.0385 log f+ log d~,
where D is the average damage in solder joint at the end of each cycle, f is the frequency of loading, and d~ is the value of damage at 10 Hz. The initial values of damage corresponding to acceleration at 10 Hz are given in Table 1 . When the solder material is behaving elastically, vibrations with lower frequency loads cause smaller damage per cycle. This is because when the acceleration is low enough to cause the solder to remain in the elastic region, there is no creep effect. In the elastic zone, the large frequency values correspond to very small load periods ( T = l/f) ; hence, these loads could be considered as shocks. As the shock duration is shorter, the shock becomes more intense and so the system experiences greater damage in each cycle. But when the material goes into viscoplastic range, the creep fatigue dominates the damage value rather than the intensity of the shock, as shown in Fig.  5(b) . For the acceleration values shown, the solder is experiencing viscoplastic deformations, as a result, for smaller frequencies the damage experienced in each cycle is larger. This observation is consistent with the following results reported by Steinberg (1988) : "Solder joints that are exposed to low-rate alternating stresses will fail more quickly than solder joints exposed to high-rate alternating stresses." Discontinuity in the 150 g curve in Fig. 5(b) is due to the fact that in frequencies above 1000 Hz the behavior is linear elastic and the solder experiences high cycle fatigue; hence, damage values are too small to be shown on the same side.
Figures 6(a) and 6(b) show the average damage experienced by the solder joint per cycle versus the acceleration. The first figure is for the elastic behavior of the solder material and this high cycle fatigue behavior can be formulated by the following equation: log D = 6.37083 log g + log dz,
where D is the average damage in the joint, g is the acceleration, and d2 the value of damage at 20 g. The initial values of damage at 20 g corresponding to various frequencies are given in Table 2 . For the frequency and acceleration values depicted in Fig.  6(b) , the solder joint experiences creep and subsequent low cycle fatigue. When the behavior is elastic, Fig. 6(a) , smaller frequency leads to lower damage; on the other hand, for inelastic behavior, smaller frequency causes larger damage in each cycle. Smaller frequency load has a longer period. When the material is creeping, a load with a longer period leads to larger creep induced damage.
The combined loading situation is simulated by superposing the effects of vibrational and thermal loads. The damage due to each loading type acting individually is determined and then superposed to assess the overall fatigue life of the joint (Barker et al., 1990) . Damage per thermal cycle under thermal loading have been superposed with damage that has been obtained from dynamic loading. Fatigue damage caused by vibration can be superposed with the damage caused by thermal loading utilizing Miner's rule (Barker et al., 1990) . Figure 7 gives damage per cycle versus number of thermal cycles plot for combined thermal and dynamic loading of 100 g at 10,000 Hz. At this value 10 -~o of dynamic loading the solder remains in the elastic range and hence has no effect in the overall fatigue life of the joint is observed, i.e., the fatigue life is dominated by the thermal loads. Figure 8 gives the plot for combined thermal and dynamic loading of 150 g at 10 Hz. Significant difference in damage and fatigue life is observed in the combined plot, which suggests that at this level of dynamic loading, vibrational damage as well as thermal damage contribute substantially to the overall fatigue life of the solder joint.
Figures 9, 10, 11, and 12 demonstrate the combined thermal and dynamic loading results for 300 g at 10 Hz, 150 g at 500 Hz, 300 g at 500 Hz, and 300 g at 2000 Hz, respectively. In each case, significant contribution is observed from vibrational damage to the fatigue life. It is shown that the combined damage is much larger than the thermal damage alone. The failure occurs even before 400 cycles for some load combinations. Authors realize that there is no universaly accepted definition of failure. Definition of failure assumed here is D = 1.
These results strongly suggest that having thermal loading in conjunction with dynamic loading makes significant difference in the fatigue life of the solder joint, especially for those values of dynamic loading which cause the solder to creep. It is observed that in the viscoplastic region, lower frequency vibrations cause higher damage in each cycle than higher frequency loads. The damage accumulates much faster in the case of lower frequencies. The use of Miner's linear superposition rule to superimpose vibrational and thermal fatigue provides a sensitive and reasonably accurate model to predict the reliability of electronic assemblies.
Conclusion
The results indicate that the reliability of a solder joint (number of cycles to failure) cannot be solely determined based on thermal cycles experienced. It has been shown that dynamic loads can lead to low cycle fatigue without the existence of thermal loads. Obviously, simultaneous application of thermal and dynamic loads significantly shorten the fatigue life. This conclusion is in contrast with the popular belief in the electronics industry (Barker et al., 1990 ) that the thermal strain is totally inelastic and that vibrational strains are totally elastic. Ignoring damage due to vibration significantly underestimates the life prediction made by recognizing that both thermal and vibrational strains are composed of inelastic and elastic components. These findings presented in this paper are in agreement with findings presented by Barker et al. (1990) . Due to fast accumulation of the damage from high frequency dynamic loading, and combining the creep damage from low cycle fatigue with the high cycle fatigue damage significantly increases the accuracy of reliability prediction. The equations proposed in this paper for prediction of damage in Pb40/Sn60 solder joints can be used for preliminary design of SMT microelectronics packaging in solder joints.
Dynamic loading (without thermal cycling loads) values which could cause the solder joint to creep are different for each package configuration, weight of the layers with respect to the solder joint mass and the ambient temperature. For the particular package configuration studied in this paper 150 g and larger accelerations caused the solder to creep and low cycle 
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